The authors confirm that all data underlying the findings are fully available without restriction. All PDB and BMRB data for the solution structure are available from PDB and BMRB database (PDB code: 2MJ6, BMRB accession code: 19707).

Introduction {#s1}
============

Bacteria of the genus *Streptomyces* are one of the most important groups of microorganisms for the production of a large variety of valuable secondary metabolites, including antibiotics, anti-tumor agents and immunosuppressants [@pone.0107168-Bentley1], [@pone.0107168-Challis1]. Streptomycetes are Gram-positive soil bacteria and have genomes with a high GC content and a complex life cycle involving morphological differentiation [@pone.0107168-Hopwood1]. *Streptomyces coelicolor*, the best known species of the *Streptomyces* genus, harbors a variety of secondary metabolite biosynthetic gene clusters for multiple antibiotics, such as blue-pigmented polyketide actinorhodin (ACT), red-pigmented undecylprodigiosin (RED), calcium-dependent antibiotic (CDA), and yellow-pigmented type I polyketide (yCPK) [@pone.0107168-Bentley1], [@pone.0107168-GramajoHC1]--[@pone.0107168-Takano1].

Regulation of secondary metabolite biosynthesis involves complex interactions of pathway-specific and global regulators that activate or repress the expression of corresponding biosynthetic genes depending on various conditions. In the case of global regulators, many are members of the two-component system (TCS), which is the predominant signal transduction system employed by bacteria to sense and respond to environmental changes [@pone.0107168-Stock1], [@pone.0107168-Perry1]. The TCS consists of a membrane-embedded histidine kinase (HK), containing an N-terminal sensor (or input) domain and a conserved cytoplasmic kinase domain, and its cognate response regulator (RR), containing an N-terminal receiver domain and a C-terminal output domain. Upon sensing external stimuli, the sensor domain of HK undergoes a conformational change resulting in phosphorylation of a conserved histidine in its cytoplasmic kinase domain. The phosphorylated HK transfers its phosphoryl group to a specific aspartate residue on the cognate RR. The phosphorylated RR modulates the expression of target genes through protein-DNA and protein-protein interactions to sense and adapt to the stimuli [@pone.0107168-Stock2], [@pone.0107168-Hoch1].

From genomic analysis of *S. coelicolor*, 84 HKs were detected, and 68 were paired with a RR [@pone.0107168-Hutchings1]. However, only a few TCSs in this organism have known functions to date [@pone.0107168-Yepes1]--[@pone.0107168-Koteva1]. For example, the VanR/VanS TCS in *S. coelicolor* is known to sense vancomycin through direct interaction with VanS and confer vancomycin resistance through activation of the expression of the *vanH*, *vanA* and *vanX* genes by phosphorylated VanR [@pone.0107168-Koteva1]. The PhoP/PhoR TCS, which mediates a cellular response to phosphate starvation, has also been characterized in *S. coelicolor* [@pone.0107168-SolaLanda2]. More recently, it was reported that the DraR/DraK TCS of *S. coelicolor* is involved in the differential regulation of antibiotic biosynthesis in minimal medium containing high concentrations of nitrogen sources, such as Glu, Gln, Thr, KNO~3~, and (NH~4~)~2~SO~4~ [@pone.0107168-Yu1]. Activation of the DraK HK leads to autophosphorylation of its kinase domain in the cytoplasm and subsequent transphosphorylation of DraR, activating *act*II-ORF4 gene expression to promote ACT production.

Our previous study has revealed that the extracellular sensor domain (ESD) of DraK undergoes a reversible, pH-dependent conformational change in the pH range of 2.5--10 [@pone.0107168-Yeo1]. Analysis of CD and NMR data suggested that the ESD of DraK has a more structured form (MSF) below pH 5.0 and a less structured form (LSF) above pH 7.5. Moreover, when acidic-pH shock was applied to surface-grown *S. coelicolor* cultures, ACT production and the expression of an *act*II-ORF4 gene pathway-specific regulator were also highly enhanced [@pone.0107168-Kim1]. From this point of view, it is conceivable that DraK is involved in the pH regulation of *S. coelicolor*.

To understand the mechanism of the pH-dependent conformational change in the ESD of DraK, we solved the solution structure of the ESD and examined structural properties of various mutants based on the pKa values of glutamate residues. In addition, to understand the pH regulation by the DraK/DraR TCS, we investigated changes in the pH profiles of culture media and phenotypes of *draR* or *draK*- deleted *S. coelicolor* mutants after acidic-pH shock.

Materials and Methods {#s2}
=====================

Cloning, expression, and purification of the ESD {#s2a}
------------------------------------------------

The DNA sequence corresponding to the ESD of DraK (residues E28-R115) was amplified by polymerase chain reaction (PCR) from the genomic DNA of *S. coelicolor* A3(2). Following digestion with the *Bam*HI and *Xho*I restriction enzymes, the purified PCR product was cloned into the pGEX-4T-1 vector using T4 ligase, resulting in pGST (glutathione S-transferase-binding protein)-ESD. *Escherichia coli* BL21 transformants harboring GST-ESD was incubated for 20 h at 20°C after induction by 0.5 mM isopropyl β-D-thiogalactopyranoside (IPTG). The purification process was performed following the previous report by [@pone.0107168-Yeo1]. For ^15^N-labeled or ^15^N and ^13^C-labeled proteins, cells were grown in M9 minimal medium supplemented with ^15^NH~4~Cl or ^15^NH~4~Cl and ^13^C-labeled D-glucose, respectively. To produce the mutant ESD used in this study, pGST-ESD was mutated with the QuikChange Site-Directed Mutagenesis Kit (Stratagene).

NMR spectroscopy {#s2b}
----------------

NMR measurements were performed at 25°C with Avance 500 and Avance II 900 spectrometers (Bruker). A total of 1 mM ^15^N- and ^13^C-labeled DraK ESD (E83Q) was used for 3D structure determination in a buffer containing 10 mM sodium acetate, pH 4.5, 50 mM NaCl, and 10% D~2~O. The ^1^H, ^15^N, and ^13^C resonances of the backbone and side chain were assigned by analyzing 3D heteronuclear correlation spectra: for backbone assignment, HNCO, HNCA, HN(CO)CA, HN(CA)CO, NHCACB, and CBCA(CO)NH [@pone.0107168-Grzesiek1]--[@pone.0107168-Grzesiek2], and for side chain assignment, HBHANH, HBHA(CO)NH, CCH-TOCSY, and HCCH-TOCSY [@pone.0107168-Muhandiram1]--[@pone.0107168-Kay1]. Distance restraints were obtained from ^15^N- or ^13^C-resolved 3D NOE spectra. ^1^H-^15^N residual dipolar coupling constants for the partially aligned protein in medium with a stretched polyacrylamide gel were obtained from IPAP-HSQC experiments. All NMR spectra were processed with Bruker Topspin 3.0 and analyzed with Sparky 3.113 (Goddard T.G. and Kellner D.G., University of California, San Francisco).

Structure determination {#s2c}
-----------------------

Structures were calculated by CYANA (version 3.0) [@pone.0107168-Guntert1], and they were coupled with automatic NOESY assignments using the CANDID algorithm [@pone.0107168-Herrmann1]. We repeated the CYANA/CANDID runs until obtaining a final result that satisfied geometry-based criteria. A total of 1,750 meaningful NOE upper distance restraints were obtained by CANDID (398 intra-residual, 488 sequential, 390 medium range, and 474 long range). Finally, the 100 structures that showed no significant violation against distance restraints were generated and were further refined with the AMBER package (version 12) [@pone.0107168-Case1]. In this stage, in addition to distance restraints, we added 80 backbone H-N derived residual dipolar coupling restraints. RDC data were analyzed using PALES [@pone.0107168-Zweckstetter1]. AMBER refinement consisted of 1,500-step minimization, 40-ps restrained simulated annealing and 1,500-step minimization stages. To approximate solvent effects, we employed the generalized Born implicit solvent model [@pone.0107168-Mongan1]. The 20 structures that showed the lowest AMBER energies were chosen as a final ensemble and analyzed according to wwPDB recommendations [@pone.0107168-Montelione1]. We deposited the coordinates and NMR restraints for the structure calculation in the PDB database (2MJ6) and BMRB database (accession code: 19707).

Determination of the pKa values for the glutamate side chains of the ESD {#s2d}
------------------------------------------------------------------------

The pKa values for the side-chain carboxyl groups of the glutamate side chains were obtained by analyzing the pH titration curves of the carboxyl groups, which are indirectly observed by chemical shifts in their γ carbons adjacent to carbonyl carbon (CO) using 2D ^1^H-^13^C HCCH TOCSY spectra. The spectra were recorded with 0.6 mM protein (wild type) selectively enriched with ^13^C glutamate in a range of pH 2.6--6.4. The pKa values were calculated by a nonlinear least-squares curve fitting of the Henderson-Hasselbalch equation [@pone.0107168-Shrager1]: δ~exp~ = (δ~A~+δ~B~10^(pH-pKa)^)/(1+10^(pH-pKa)^), where δ~A~ and δ~B~ are the plateau values of the γ carbon chemical shifts in the acidic and basic pH limits, respectively.

Circular dichroism (CD) spectroscopy {#s2e}
------------------------------------

CD experiments were performed using a J-710 spectropolarimeter (JASCO) at 25°C with a 1 mm path length cylindrical quartz cell. CD data were obtained from five scans with an average scan rate of 0.2 nm/s. A total of 30 µM protein in 50 mM NaCl was titrated using microliter aliquots of 0.05--0.1 M of HCl or NaOH. The pKa values were calculated from the CD data instead of that from chemical shifts by fitting the above equation.

Fluorescence spectroscopy {#s2f}
-------------------------

Fluorescence of the tyrosine residue at position 75 in the ESD of DraK was measured by excitation at the 277 nm wavelength using a Cary Eclipse Fluorescence Spectrophotometer (Varian). Fluorescence data were obtained from 10 µM protein containing 50 mM NaCl in a 1 ml quartz cell.

Construction of the *draR* and *draK* gene deletion mutants in *S. coelicolor* {#s2g}
------------------------------------------------------------------------------

All gene disruptions were performed according as previously reported using the pKC1139 plasmid to deliver corresponding kanamycin resistance gene disruption cassettes [@pone.0107168-Hong1] (Figure S1 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}). A 1.1-kb DNA fragment from pFDneo-S encoding the *aphII* gene responsible for kanamycin resistance was routinely used as a selective marker for the construction of the gene disruption cassette. These gene disruption cassettes consisted of two PCR-derived DNA fragments, which correspond to the flanking regions of the target gene and are bridged by the kanamycin resistance cassette. Detailed primer information for each construct is summarized in Table S1 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}. The gene disruption plasmids pKC-3063A and pKC-3062B were delivered into *S. coelicolor* A3(2) cells by conjugation with *E. coli* ET12567(pUZ8002) (Figure S1 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}). Intergeneric conjugation between *E. coli* and *Streptomyces* was performed as previously described with minor modifications. Transformants resistant to both apramycin and kanamycin were selected and grown in fresh R2YE/kanamycin liquid medium at 37°C for 4 days to force the integration of disruption cassette DNA from gene disruption vectors into chromosomal DNA. The resulting gene disruption mutants were selected on R2YE/kanamycin medium and confirmed by PCR with relevant primer sets (Table S1 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}) using total genomic DNA from each mutant as template (Figure S2 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}).

pH profile after acidic pH shock cultivation of the *draR* and *draK* gene deletion mutants {#s2h}
-------------------------------------------------------------------------------------------

pH shock experiments and pH profiling were performed as previously described with minor modifications [@pone.0107168-Kim1]. *S. coelicolor* A3(2) were grown on a cellophane film placed on supplemented minimal medium (SMM) plates containing 2 g/L casamino acids, 9 g/L glucose, 1 mM NaH~2~PO~4~, 1 mM K~2~HPO~4~, 5 mM MgSO~4~, 20 g/L agar, and trace elements at 28°C. A SMM plate with no TES buffer was used to eliminate the buffering effect, thus allowing pH changes during cultivation. The initial pH was 7.1 after autoclaving. Cells were cultivated for 2 days before being transferred to a new SMM plate with a pH of 4.5. The pH 4.5 SMM plate was adjusted with 0.1 N HCl. Just before transfer, the pHs of the medium were approximately 5.6 (wild type), 6.4 (Δ*draK*), and 5.4 (Δ*draR*). The transferred cells were incubated for an additional 7 days (9 days in total). The pH of the solid medium was measured using Test paper (ToyoRoshi Kaisha, Japan).

Results {#s3}
=======

Overall structure and comparison of the DraK ESD structure with the sensor domain of CitA {#s3a}
-----------------------------------------------------------------------------------------

We determined the ESD (E83Q) mutant structure at pH 4.5. Although the wild type ESD (residues E28-R115) shows some dimeric form in solution at pH 4.5, the protein exists mainly as monomer [@pone.0107168-Yeo1], enabling structure determination for the MSF at pH 4.5 using heteronuclear NMR spectroscopy. In addition, the ESD (E83Q) mutant provides a significant improvement in spectral quality compared with the wild type. The HSQC spectrum of the E83Q mutant was almost similar except for the mutated region to that of the wild type, indicating that the structure of the E83Q mutant represents that of the wild type (Figure S3 in ). Structural statistics for the ESD (E83Q) are described in Table S2 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}. [Figure 1A](#pone-0107168-g001){ref-type="fig"} shows the solution structure of an ESD derived from the 20 lowest-energy NMR structures (r.m.s.d. of 0.29 Å and 0.78 Å for the backbone and all heavy atoms, respectively), including a total of 1,750 NOE distance restraints and 82 global orientation restraints from ^1^H-^15^N residual dipolar couplings (RDCs) (Table S2 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}). The overall structure of the ESD consists of 2 α-helices and 4 stranded β-sheets. The structure is well ordered in the region (T35-R115), while the first seven residues in the N-terminus (E28-S34) are not ordered. The α1 (residues A36-G57) and α2 (residues E63-Q69) helices are located on the backside of the β-sheet, and the α2 helix connects a pair of antiparallel β-strands, β1 (residues Y75-R79) and β2 (residues V86-V88). The long loop (residues G89-D95) connects the β2 and β3 (residues V96-G103) strands across the ends of the β1 and β4 (residues G106-P114) strands. The β4 strand is located between the β1 and β3 strands, with an antiparallel arrangement.

![Solution structure of the ESD (E83Q) and sequence and secondary structure alignments with the sensor domain of CitA.\
(**A**) A solution structure of the ESD (E83Q) from the 20 lowest-energy structures is represented by the ribbon diagram. Α helices and β strands are colored red and yellow, respectively. (**B**) The structure of the ESD (yellow) and that of the CitA sensor domain (green) are superimposed. The magenta color indicates the absent structural elements in the ESD of DraK. (**C**) Sequence alignment and comparison of the secondary structure between the sensor domain of DraK and that of CitA. The red blocks denote regions of sequence identity across the two domains, and the blue boxes indicate partially conserved residues.](pone.0107168.g001){#pone-0107168-g001}

The ESD of DraK contains a typical mixed alpha-beta fold, which is one of the structural classes of HK sensor domains [@pone.0107168-Cheung1]--[@pone.0107168-Zhang1]. In addition, despite low sequence homology with the sensor domain of CitA, which regulates citrate metabolism in *Klebsiella pneumoniae*, the overall structure of the ESD is similar to that of sensor domain of CitA, and the ESD structure could be superimposed on the sensor domain of CitA with the exception of the region from α3 to β3 including the loop-helix-loop motif located in front of the β-sheet of CitA ([Figure 1B](#pone-0107168-g001){ref-type="fig"}). Secondary structural alignment with the sensor domain of CitA (PDB code: 2J80) indicated that the loop-helix-loop motif (between β2 and α4), which is a highly conserved structure in PAS (PER-period circadian protein, ARNT-aryl hydrocarbon receptor nuclear tranlocator protein, SIM-single-minded protein) folds of HKs [@pone.0107168-Zhang1]--[@pone.0107168-Moglich1] and serves as a citrate binding pocket, is absent in the ESD of DraK ([Figure 1C](#pone-0107168-g001){ref-type="fig"}). Furthermore, instead of 5 β-strands, only 4 β-strands are located between the N- and C-terminal helices in the ESD of DraK. The β3 and β4 strands of the ESD correspond to the β4 and β5 strands of the CitA, respectively, because of the lack of the structural elements (α3 to β3) of CitA in the ESD of DraK ([Figure 1C](#pone-0107168-g001){ref-type="fig"}). The last 9 residues which are predicted as extracellular domain were easily degraded during purification and NMR experiment. In case of CitA, the corresponding C-terminal residues also exhibit unstructured form. There is no remarkable sequence homology between the C-terminus of the sensor domain of CitA and that of the ESD of DraK ([Figure 1C](#pone-0107168-g001){ref-type="fig"}).

In general, HKs employing a PAS fold for signal sensing have sensor domains comprising more than 120 amino acids to form a PAS core on the β-sheet fold, whereas the ESD of DraK comprising 97 amino acids (residues E28-R124) appears to not be sufficiently long enough to form a PAS core on the β-sheet of the ESD of DraK. The absence of a PAS fold in the ESD might suggest a different signal recognition mechanism compared with HKs sensing a signal molecule through the PAS fold.

The ESD is not completely unstructured at pH 7.5, and the pH-dependent conformational change alters the conformation of its C-terminus {#s3b}
--------------------------------------------------------------------------------------------------------------------------------------

In a previous report, we observed that the ESD has a reversible conformational change in the pH range of 2.5-10 with a major transition at pH 6.1, and it was more structured at pH 4.5 but less structured at pH 7.5 [@pone.0107168-Yeo1]. In addition, the previous CD result indicated that some α-helical structure is still remained in the ESD at pH 7.5 [@pone.0107168-Yeo1]. To confirm that the ESD exists in structured form at pH 7.5 and to monitor the conformational change of the C-terminus of the ESD by pH alteration, we compared fluorescence and near-UV CD spectra for the ESD at three different pH values (pH 4.5, 7.5, and 10.5). In general, fluorescence from tyrosine side chains within a protein is quenched in an unfolded state because the tyrosine side chain is exposed to solvent in the unfolded state. There is a tyrosine at position 75 that is closely positioned near the C-terminus of the ESD. As shown in [Figure 2A](#pone-0107168-g002){ref-type="fig"}, a maximum peak appears at around 305 nm, and the signal intensity is significantly changed at each pH value. The signal intensity is increased at pH 7.5 compared with pH 4.5, indicating that the side chain environment of the Y75 residue at pH 7.5 becomes more hydrophobic than that at pH 4.5. In other words, the Y75 side chain is not completely exposed to solvent at pH 7.5. In contrast, the signal intensity of fluorescence at pH 11.1 was significantly decreased, indicating that the Y75 side chain could be anionic state and exposed to solvent because the pKa value of the side chain of tyrosine is approximately 10.1. Probably, the protein becomes unstructured (or aggregated) at that pH. In addition, the near-UV CD spectra show that the amplitude of the negative band in the near-UV at pH 7.5 is increased compared with pH 4.5, reflecting that the environment of the Y75 residue at pH 7.5 is more rigid and more structured ([Figure 2B](#pone-0107168-g002){ref-type="fig"}). The signal intensity of near-UV CD is highly decreased at pH 11.1, suggesting that the protein becomes unstructured (or aggregated) at that pH. The results from near-UV CD spectra are consistent with those from fluorescence spectra. Thus, together with the previous CD results [@pone.0107168-Yeo1], the fluorescence and near-UV CD spectra suggest that the protein remains structured around the Y75 residue at pH 7.5 despite being less structured overall. These data also suggest that the pH-dependent conformational change of the ESD induces a conformational change of its C-terminus because Y75 is close to the C-terminus. The conformational change of the C-terminus of sensor domain of HK is important for transferring its external signal to its transmembrane domain.

![pH-dependent fluorescence and near-UV CD spectra of the ESD.\
The signals were measured at pH 4.5 (solid line), 7.5 (dashed line), and 10.0 (dotted line). The excitation wavelength was 277 nm. (**A**) and (**B**) denote fluorescence and near-UV CD spectra, respectively.](pone.0107168.g002){#pone-0107168-g002}

The pKa values of carboxyl groups of glutamate side chains of the ESD {#s3c}
---------------------------------------------------------------------

In general, the pH-dependent protein conformational change around pH 6.0 occurs due to the protonation or deprotonation of histidine side chain and is important for protein activity and stability. However, the ESD of DraK does not contain histidine residues. Frequently, acidic amino acids (glutamate and aspartate) play an important role in protein stability and enzyme activity through alteration of their pKa values [@pone.0107168-Davoodi1]--[@pone.0107168-Ragona1]. Therefore, the pH-dependent conformational change of the ESD could be influenced by acidic amino acids. In the solution structure, with the exception of the E107 residue, the carboxyl groups of all of the glutamate and aspartate side chains are exposed to solvent, which otherwise form salt bridges with arginine side chains. In contrast, the carboxyl group of the E107 residue is buried in the structure, suggesting that the carboxyl group may be protonated at pH 4.5 and has abnormally high pKa value. Moreover, in our previous study, we found that the E83 residue was critical for the pH-dependent conformational change of the ESD [@pone.0107168-Yeo1]. Thus, E83 and other glutamates may be involved in the pH-dependent conformational change of the ESD. To understand the pH-dependent conformational change of the ESD in detail, we attempted to determine the pKa values of all glutamate residues for the wild type ESD.

NMR spectroscopy is a powerful method for determining pKa values for ionizable amino acids from pH-dependent chemical shift variations. We attempted to calculate pKa values from variations in the chemical shifts of the γ carbons of all glutamate residues in the ESD as a function of pH ([Materials and Methods](#s2){ref-type="sec"}). We were able to determine the pKa values for 8 of 12 glutamate residues by NMR spectra, excluding E43, E107, E112, and E113. The titration data were recorded up to pH 6.4 because the signal intensities of the γ carbons of all of the glutamate residues were highly decreased due to the low population of the structured form above pH 6.4. The pH-dependent chemical shifts in the γ carbon resonances for all of the glutamate residues in the ESD are shown in [Figure 3](#pone-0107168-g003){ref-type="fig"}. The pKa values determined by nonlinear least-squares curve fitting using the Henderson-Hasselbalch equation are listed in [Table 1](#pone-0107168-t001){ref-type="table"}. As shown in [Figure 3](#pone-0107168-g003){ref-type="fig"}, the E83 and E105 residues showed significant shifts from their normal pKa values. Most of the titration curves show simple sigmoidal shapes between the ionized (deprotonated) and neutral (protonated) states of the carboxyl group, with the exception of E43, E107, E112 and E113. The γ carbon resonances for most glutamate residues appear to be approximately 36--37 ppm in the deprotonated state and approximately 32--33 ppm in the protonated state. E112 γ carbon resonance was not observed above pH 5.8, and the changes in the chemical shifts of the E43, E107 and E113 residues had a linear but not sigmoidal shape. Thus, the pKa values for E43, E107, E112, and E113 could not be determined using this technique. Although the carboxyl group of the E107 residue is not titratable, the E107 γ carbon resonates at approximately 32.5 ppm in the pH range, indicating that E107 is in the protonated state at pH 6.4. Thus, its pKa value is expected to be above 6.4. This result is also compatible with a buried form of the carboxyl group in the structure, reflecting the fact that the carboxyl group of the residue is in a neutral rather than anionic state.

![The pH-dependent γ-^13^C chemical shifts for all of the glutamate residues in the ESD.\
The pKa values were determined by fitting the data using the Henderson-Hasselbach equation (solid line). The pKa values are listed in [Table 1](#pone-0107168-t001){ref-type="table"}.](pone.0107168.g003){#pone-0107168-g003}

10.1371/journal.pone.0107168.t001

###### pKa values of the glutamate residue side chains in the ESD.

![](pone.0107168.t001){#pone-0107168-t001-1}

  ------ --------------------------------------
  E28                     3.9
  E38                     4.3
  E43                      \-
  E63                     4.5
  E68                     4.5
  E83                     5.3
  E87                     3.7
  E104                    4.6
  E105                    5.5
  E107    8.1[\*](#nt101){ref-type="table-fn"}
  E112                     \-
  E113                     \-
  ------ --------------------------------------

\*Determined using CD spectra.

Despite abnormally high pKa values for E83 and E105 in the wild type protein, both termini of the Q83 and E105 side chains in the E83Q mutant are exposed to solvent. The hydrocarbon side chains of Q83 and E105 are distinctively stabilized by hydrophobic contacts with the I80 side chain and that of L55, respectively ([Figure 4](#pone-0107168-g004){ref-type="fig"}). These results suggest that the neutralization and hydrophobicity of the E83, E105, and E107 residue side chains could generate a pH-dependent conformational change in the protein. To address this possibility, a mutational study of the three glutamate positions was subsequently performed.

![Solution structure of the ESD (E83Q).\
The Q83, E105, and E107 residues interact with the L55 and I80 residues in the ensemble of 10 lowest-energy structures, which are superimposed with yellow sticks. The dashed line indicates that distances between two carbons are less than 4 angstroms in all of the 10 lowest structures.](pone.0107168.g004){#pone-0107168-g004}

Mutation at position E83 {#s3d}
------------------------

In our previous study, we observed that the E83Q mutant shifts the transition point of the pH-dependent conformational change approximately by 1 pH unit compared with the wild type [@pone.0107168-Yeo1]. To verify the influence of the three glutamate residues on the pH-dependent conformational change of the ESD, several mutants (glutamate to glutamine, alanine, and leucine) were characterized using ^1^H-^15^N HQSC spectra. Glutamine mimics the side chain protonation state of the glutamate carboxyl group, alanine removes the charge effect of glutamate, and leucine is more hydrophobic than glutamine and alanine. [Figure 5](#pone-0107168-g005){ref-type="fig"} shows the ^1^H-^15^N HSQC spectra for proteins mutated at position 83. Compared with the wild type protein [@pone.0107168-Yeo1], the mutants favor a MSF than the wild type protein at pH 7.5, suggesting that the neutralization and hydrophobicity of the glutamate residues induce the MSF in high pH solution. Interestingly, the E83Q and E83L mutants demonstrate that approximately 50% of the MSF exists at pH 7.5, whereas only a small amount of the MSF of E83A is formed at pH 7.5 ([Figure 5](#pone-0107168-g005){ref-type="fig"}). In particular, the E83D mutant shifts the transition point of the pH-dependent conformational change approximately by 0.4 pH unit lower compared with the wild type (Figure S4 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}) [@pone.0107168-Yeo1]. Thus, the length of glutamine hydrocarbon side chain at position 83 is important for the MSF due to its providing a hydrophobic interaction with the I80 side chain ([Figure 4](#pone-0107168-g004){ref-type="fig"}). In addition, the E83 negative charge at pH 7.5 appears to interfere with hydrophobic interactions between the E83 and I80 hydrocarbon side chains because the MSF of the wild type protein does not exist at that pH. These results suggest that neutralization, hydrophobicity, and the side chain length at position 83 play an important role in inducing the MSF.

![^1^H-^15^N HSQC spectra of the ESD mutants in 10 mM HEPES pH 7.5 and 100 mM NaCl.\
Each glutamate residue at positions 83, 105, or 107 is mutated to alanine, glutamine, or leucine. ^1^H-^15^N HSQC spectrum of the wild type protein under the same conditions shown in the previous report [@pone.0107168-Yeo1].](pone.0107168.g005){#pone-0107168-g005}

Mutation at position E105 {#s3e}
-------------------------

Similar to E83, the E105 carboxyl group is not buried in the structure ([Figure 4](#pone-0107168-g004){ref-type="fig"}); nevertheless, the pKa value of E105 is abnormally high ([Table 1](#pone-0107168-t001){ref-type="table"}). To confirm the effects of neutralization and hydrophobicity at position 105, the E105 residue was mutated to glutamine, alanine, or leucine similar to that for the E83 mutation. As shown in [Figure 5](#pone-0107168-g005){ref-type="fig"}, MSFs were observed at pH 7.5 for the mutants at position 105, indicating that neutralization and hydrophobicity at this position induce the MSF at that pH. Both E105Q and E105L have similar effects on the formation of the MSF at pH 7.5 through interaction with the L55 side chain ([Figure 4](#pone-0107168-g004){ref-type="fig"}). In contrast, the E105A mutant shows a less amount of MSF compared with E105Q and E105L mutants, suggesting that neutralization and hydrophobicity with a large enough hydrocarbon side chain length at this position are also important to form the MSF at pH 7.5.

Mutation at position E107 {#s3f}
-------------------------

In [Figure 4](#pone-0107168-g004){ref-type="fig"}, the E107 side chain residue is fully buried in the structure, suggesting that the E107 carboxyl group may be not in an anionic state at pH 4.5. In addition, the chemical shift value of the E107 γ carbon is approximately 32.5 ppm until pH 6.5. These results suggest that the E107 carboxyl group is protonated at pH 6.5. Therefore, the pKa value for E107 is expected to be a higher than 6.5. As expected from previous results, all three mutants, E107A, E107Q, and E107L, induce the MSF at pH 7.5 ([Figure 5](#pone-0107168-g005){ref-type="fig"}), indicating that hydrophobicity at position 107 is also important for the MSF at high pH. Distinctively, the MSF population of the E107A mutant is higher than that for the E107Q mutant. It appears that the short methyl group of alanine is more favorable than the hydrophilic side chain of glutamine because the E107 side chain is fully buried in the hydrophobic space comprising the side chains of the L55 and I80 residues ([Figure 4](#pone-0107168-g004){ref-type="fig"}). These results suggest that hydrophobicity is more important than the length of the side chain at position E107, which is unlike the E83 and E105 mutants.

E83L/E105L double mutation {#s3g}
--------------------------

From the above results, we found that the three glutamates that have abnormally high pKa values participate in the pH-dependent conformational change in the ESD. If the pH-dependent conformational change in the ESD only depends on these three glutamates (E83, E105, and E107), the pKa value of E107 could be determined from the E83L/E105L double mutant. According to a mutational study, to induce the MSF, the amino acids at positions 83 and 105 should have a sufficient length of hydrocarbon side chains and be more hydrophobic. Thus, we substituted E83 and E107 with leucine residues. As shown in [Figure 6A](#pone-0107168-g006){ref-type="fig"}, this double mutant is fully structured at pH 7.5, indicating that the effects of the E83 and E105 side chains are completely eliminated by the mutations and that the E107 residue does not affect the MSF at pH 7.5. The E107 side chain is conceivably still protonated at that pH. If the pKa value of E107 is higher than 7.5, the pH-dependent conformational change of the mutant could occur above pH 7.5. CD spectroscopy was used instead of NMR spectroscopy to calculate the pKa value for E107 from the E83L/E105L double mutant because the backbone and side chain assignments for the E107 residue in the mutant are required to generate a titration curve using NMR above pH 7.5. As expected, the CD spectra showed that the pH-dependent conformational change in the double mutant occurred above pH 7.5, and the transition point was observed at pH 8.1 ([Figure 6B](#pone-0107168-g006){ref-type="fig"}). This result suggests that the pH-dependent conformational change of the double mutant was derived from the E107 residue because the pKa value of the E107 residue was expected to be \>6.5 as shown in [Figure 3](#pone-0107168-g003){ref-type="fig"}. Therefore, under the assumption that the conformational change of the double mutant only depends on E107 residue, the pKa value of E107 was determined to be 8.1 from the Henderson-Hasselbach equation using CD data instead of chemical shifts. Although the pKa value for the E107 of the E83L/E105L double mutant may differ from the wild type protein because the mutated leucine residues could influence the MSF and LSF states, this result suggests that the E107 residue has a high pKa value (at least above 7.5). In our previous report, a major transition at pH 6.1 and a minor transition at approximately pH 7.5 were observed from CD spectra, but it was unclear whether the signal changes for the minor transition was from the conformational change or experimental error [@pone.0107168-Yeo1]. On the basis of the individual pKa values of all of the carboxyl groups of the ESD, a possible interpretation is that the major transition at approximately pH 6.1 derives from the conformational change by protonation of the carboxyl groups of the E83 and E105 residues because their pKa values are 5.3 and 5.5, respectively, and the minor transition at approximately pH 7.5 occurs via the conformational change by protonation of the E107 carboxyl group because the pKa value of E107 was determined to be 8.1 using the double mutant. Therefore, the E107 pKa value determined by the double mutant using CD spectroscopy is reasonable.

![^1^H-^15^N HSQC spectra and the change in the CD signal intensity at 218 nm over a pH range of 5.2-10.0.\
(**A**) ^1^H-^15^N HSQC spectra for the ESD (E83L/E105) mutant in 10 mM HEPES, pH 7.5 and 10 mM sodium acetate, pH 4.5 containing 100 mM NaCl. (**B**) The pKa value was determined by fitting the data using the Henderson-Hasselbach equation (solid line).](pone.0107168.g006){#pone-0107168-g006}

pH-independent structure of the ESD {#s3h}
-----------------------------------

If the pH-dependent conformational change in the ESD depends on the three glutamate residues, an ESD triple mutant (E83L, E105L, and E107A) should not undergo a pH-dependent conformational change with varying pH. To address this hypothesis, we generated a triple mutant and monitored conformational changes at various pH values using NMR and CD spectra. ^1^H-^15^N HSQC spectra showed that the protein was fully structured at pH 4.5 and 7.5 (Figure S5 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}). From CD spectra, a spectral change was not observed up to pH 10 (Figure S6 in [Appendix S1](#pone.0107168.s001){ref-type="supplementary-material"}), indicating that a pH-dependent conformational change of the triple mutant does not occur, and the protein is fully structured up to pH 10. Moreover, this result indicates that the pH-dependent conformational change of the double mutant above pH 7.5 derives from deprotonation of the E107 residue because the pH-dependent conformational change between pH 7.5--10.0 disappears in the triple mutant. Finally, our results demonstrate that the pH-dependent conformational change of the ESD derives from only the E83, E105, and E107 residues.

The DraR/DraK TCS in *S. coelicolor* restores the pH of the growth medium after acid shock {#s3i}
------------------------------------------------------------------------------------------

pH changes in bacterial culture have important roles in signal transduction and secondary metabolite production. Kim and collaborators found that *S. coelicolor* produced more secondary metabolites when allowed to recover pH in the culture medium after a spontaneous or artificial pH drop than when pH changes were suppressed using a buffer [@pone.0107168-Kim1]. These authors have reported that acidic pH shock enhances the production of the major secondary metabolite ACT in *S. coelicolor*. It has also been reported that ACT production and secretion in *S. coelicolor* are highly enhanced by activation of the DraR/DraK TCS [@pone.0107168-Yu1]. Moreover, our data show that the conformational change in the ESD of DraK is highly pH sensitive. Based on these results, it is conceivable that the DraR/DraK TCS is related to pH regulation in *S. coelicolor*. To address this hypothesis, we monitored the changes in the pH profile of the culture media and the phenotypes of the *S. coelicolor draR* and *draK* mutants after acidic shock according to previously reported methods [@pone.0107168-Kim1]. [Figure 7](#pone-0107168-g007){ref-type="fig"} shows the pH profiles and images of a pH-shock culture (PSC). For the wild type protein, the pH dramatically increased soon after the pH shock to reach the neutral level within 2 days and eventually a slightly alkaline level of 8, which is similar to a previous report [@pone.0107168-Kim1]. However, for the deletion mutant, the pH did not recover to the neutral level. In particular, the *draK* deletion mutant (Δ*draK*) could not recover the pH level at all. In fact, the Δ*draK* mutant was unable to grow after acid shock for a week ([Figure 7B](#pone-0107168-g007){ref-type="fig"}). However, when the Δ*draK* mutant was grown for a week in the 4.5 pH shock medium and transferred to fresh pH 7.0 medium, the cells started growing again, indicating that the cells were alive at pH 4.5 (data not shown). In the case of the *draR* mutant (Δ*draR*), it was able to recover the pH even though the recovery pattern was different from that of wild type. The Δ*draR* mutant slowly increased for a week after acid shock, indicating that the mutant maintains the ability to restore the pH of the growth medium although weakly. These results conclusively demonstrated that DraR/DraK in *S. coelicolor* is involved in the regulation of the pH of growth media and morphological differentiation. In particular, the DraK histidine kinase plays a major role in the regulation of the pH of the environment because the Δ*draK* mutant completely loses the ability to recover pH in low-pH growth medium.

![pH profiles and cell phenotypes.\
(**A**) Time-dependent pH profiles of culture plates for wild type DraK (black), the Δ*draK* mutant (red), and the Δ*draR* mutant (blue) following pH shock. (**B**) Time-dependent cell phenotypes of *S. coelicolor* for wild type DraK, the Δ*draK* mutant, and the Δ*draR* mutant in pH shock culture (PSC).](pone.0107168.g007){#pone-0107168-g007}

Discussion {#s4}
==========

Bacterial HKs play an essential role in external stimuli signal transfer by sensing stimuli via the HK sensor domain. Although the function and signaling molecules (or stimuli) of some HKs have been identified, the function of many HKs existing in bacteria remains unknown. In particular, even though the structural change in the sensor domain of HKs is critical for understanding the signal transduction mechanisms of HKs, the structure of many HK sensor domains remains unknown. We had previously shown that the structure of the ESD of DraK exhibits a reversible, pH-dependent conformational change in the pH range of 2.5--10. In particular, the ESD exists as MSF at low pH but it is LSF at high pH. In this study, we solved the solution structure of the ESD of the DraK HK and elucidated the mechanism of its pH-dependent conformational change.

The 3D structure of the ESD of the DraK protein at pH 4.5 could be determined using NMR spectroscopy, whereas it could not be determined at pH 7.5 because of the low stability of the protein and lack of NMR signal at that pH. The overall structure of the protein at pH 4.5 showed a typical HK sensor domain structure containing α/β folds but had no PAS fold. This difference suggests that the ESD of DraK might not serve as a small molecule-binding motif or might possess a different ligand-binding nature compared with the typical sensor domains of HKs because the PAS fold usually provides a binding site for a ligand molecule. From this point of view, the pH-dependent conformational change of the ESD might induce signal transmission through the transmembrane domain and subsequently the cytoplasmic domain of DraK. In fact, fluorescence spectroscopy showed the conformational change of the C-terminal portion of the ESD by a change in pH. The conformational change of the C-terminal portion of the ESD of HK is essential for driving conformational changes of the transmembrane domain.

To understand the mechanism of the pH-dependent conformational change of the ESD of DraK in detail, we determined the pKa values of the glutamate residue side chains using NMR and CD spectroscopy. In this report, we found that three glutamate residues (E83, E105, and E107) had abnormally high pKa values and are involved in the pH-dependent conformational change of the ESD of DraK. Based on the pKa values of the glutamate residues, mutational studies allowed us to create a pH-independent triple mutant (E83L, E105L, and E107A) form of the ESD. From the mutational studies of positions E83, E105, and E107, we suggested that protonation of each side chain causes a pH-dependent conformational change, and the neutralization and hydrophobicity of each side chain induces the MSF at pH 7.5. In the case of the E83A mutant, the protein showed a less amount of MSF at pH 7.5 compared with the E105A and E107A mutants. Thus, a longer amino acid side chain at position 83 is more favorable to induce the MSF at pH 7.5. Nevertheless, the alanine methyl is better than the negatively charged glutamate residue in all cases. In addition, the pKa value of the E107 side chain was approximately 8.1, which is the highest value compared with the other two glutamates, suggesting that the E107 side chain is capable of being protonated even under alkali conditions. It is likely that the high hydrophobicity surrounding the E107 residue effectively stabilizes the orientation of protonated side chain of the E107 residue. This high pKa value for E107 may be important for stabilization of the LSF of the DraK ESD between pH 7.5 and 10.0. Our previous report found that the ESD loses the reversible, pH-dependent conformational change ability after exposure to high pHs above pH 11 [@pone.0107168-Yeo1] perhaps because the LSF of the ESD could be destroyed by the deprotonation of E107 above pH 11. As a whole, our results allow us to propose a mechanism for the pH-dependent conformational change of the ESD ([Figure 8](#pone-0107168-g008){ref-type="fig"}). Protonation of E83 and E105, having pKa values of 5.3 and 5.5, respectively, drive the reversible pH-dependent conformational changes of the MSF and LSF between pH 4.5 and 7.5, and the protonation of E107, having a high pKa value, maintains the LSF up to pH 10. When the three glutamate residues are fully negatively charged above pH 11, the protein could lose the reversible pH-dependent conformational change ability.

![The proposed mechanism of the pH-dependent conformational change of the ESD based on the pKa values of three glutamate residues (E83, E105, and E107) and structural studies.\
Below pH 5.0, the ESD exists in the MSF, and the three glutamate residues are protonated (left). At pH 7.5, the protein exists in the LSF, and the E107 residue remains protonated (right).](pone.0107168.g008){#pone-0107168-g008}

Together with previous studies showing that ACT production and secretion in *S. coelicolor* are highly enhanced by activation of the DraR/DraK TCS [@pone.0107168-Yu1] and acidic-pH shock [@pone.0107168-Kim1], our current data showing that the conformational change of the ESD of DraK is highly pH sensitive indicate that the DraR/DraK TCS is involved in the pH-mediated regulation of *S. coelicolor*. To address this assumption, we performed an *in vivo* study using *S. coelicolor* under acid shock growth medium conditions. We found that wild type *S. coelicolor* was able to rapidly restore the pH of the growth medium after acid shock, whereas the Δ*draK* mutant completely lost the pH recovery ability of the growth medium, and the Δ*draR* mutant was able to slowly restore the pH of the medium. Our results demonstrate that the DraR/DraK TCS in *S. coelicolor* is involved in the pH-mediated regulation of the growth medium. Furthermore, DraK appears to play an essential role in growth in acidic pH culture medium, suggesting the possibility that DraK activates not only its cognate RR DraR but also other proteins related to pH regulation. However, to determine whether the pH-dependent conformational change of the ESD by E83, E105, and E107 residues is associated with pH signature or stimulus for the DraK HK, *in vivo* analysis of growth phenotypes and pH recovery of mutant strains expressing DraK with substitutions at E83, E105, and E107 residues, are required.
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